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FOREWORD

The research described in this report represents the effort for the
second three months on Contract HNo. 957031 with the Jet Propulsion
Laboratory, Pasadena, CA, under the technical cognizance nf Paul Alex-
ander. The research was conduvcted in the Turner Laboratory lor Electro-
ceramics, School of Materials Engineering and School of Electrical
Engincering, Purdue University, W. Lafayette, IN under the direction of
R.W, Vest. 'Ine research was carried out by Dr. S, Singaram, D.A. Bin-

ford, K.F. Teng and E,F. Tweedell.



1, INTRODUCTION AND SUMMARY

The development of the ink jet printing system continued throughout
this quarter and significant progress was made in several areas, Many
different tasks were studied by the staff of the Turner caborztur?
involved 1in ihis project. All of these various aspects of Lhe jnk jet
system’s development will be covered in this report, and several major

accomplishments are highlighted in the following paragraph.

As a follow up to the design modification studies, some decisions
* Te made 1In order to meet turture system goals. One ot these goals is
L. _mplementation cf some kind of computer aided design capability into
the system. Another goal 1s to dramatically increase the printing
speed, which requires programming acceleration and deceleration into the
table movements. As the ink jet printing system gains the higher degree
of sopnigstication necessary to acccmplich these and other tasks, larger
and larger amounts of memory storadge will be required to contain the
necessarily more complex software. It was decided that in order to meet
the memory requirements, a floppy disk drive unit should be added to the
system. This unit will not only supply the necessary general memory
demands, but will also serve as a program input device, eliminating the
system s current dependence upon a host romputer, A 5.25 1inch disk
drive wunit was ordered and received, but the job of getting it imple-

mented into the system {s significant. This task will be continuing

inco the next several months,

It is desirable to use some kind of computer aided design system

with the ink jet printing system so that circuits designed on a graphics



terminal could quickly be printed, fired, and tested. This would, of
course, dramatically decrease prototyping time. Through a grant froms
Tektronix, Inc., the Turner Laborstory acquired a color graphice termi-
nal which is the firset step in reaching this goal. This wodel 4106 ter-
minal will allow the use of a Purdue Engineering Computer Network
interactive circuit design program canlled '"CMASK". Sowme work was done
this quarter to become famiiiar with both the new terminal aad the
“CMASK" program, but the task of putting the screen information in a
form wnich the SCCS5-85 board can interpret will require considerably

more effort.

Another accomplishment this quarter was the completion of several
improvements to the ink supply and pressure control system. In the
past, some printing prodblems were experienced due to the 1inconslstent
pressure in the ink bottle. It is this pressure which offsets a portion
of the static vacuum in the ink head due to the level of the 1ink being
below the level of the head. A low pressure regulator and two new pinch
valves werc added to the existing pressure control system, The regula-
tor made a noticeable improvement in the pressure regulation {n the fnk
7auppiy bdftle. Thei}inch valves Qefé aadéd' to teplaée tﬁé;re;lsting
Sporlan brand valves, which consumed a significant amount 6f”é6§er and
" caused some occasionally erratic microprocessor operation due to noise

"they caused on the’péﬁer line,

Nuring the last part of this quarter, sone preliminary printing
studies were started. Most of these were done on alumina substrates

although a few test prints of the top side metsllization on photovoltaic

cells were conducted. These rpreliminary printings were conducted in
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order to evaluate how the system was working, ana to begin to get some
ldea of how various solvents used with the MOD inks would affect the
printing process. Some experimentat.on was also done with varylng the
head trigger frequency ir order to try to increase the film thickness,
hence improving sheet res.s<«tance. 1In the next quarter, muc .nore work

will be done along these lines.

Work continued durirg this quarter on prcgram development. This
work 1nciuded investigating what additional programming will be neces-
sarf as {ncreased printing speeds are tried. This involves «yiving the
Superior Electric indexer boards acceleration and deceleration commands,
and will also involve cuordinating the table stepping frequency with the
head triggering frequency. Other programs continue to be worked on. As
an example, it is hoped that eventually the individual head nozzles will
be turned on and off, as needed, bv the SCCS-85 board. This could
allow, for instance, a wide line to be printed in just one pass, thus

further reducing *‘he printing time.

Several other less signiticant improvements to the system were made
this quarter, some on a temporary basis to test their effectiveness. An
cophasis was placed on testing many of the ideas which resulted from the
derign wodification studies of the first quarter. 1n the months ahead,
the ideas which proved to work well will be implemcnted on a more per-
1 aneut basls and investigation will continuc in those areas where there
are still problems to be worked out. Other changes will be made along
the way as an attempt is made to make the {nk jet system print effi-
clently and consistently. The remainder of this report describes, iIn

detail, tlhe accomplishments of this quarter and (he proposed plans for



the next quarter.

2. PROGRESS

2.1 Mechanical Modifications

There were several problems associated with the 1ink supply and
pressure control system. One occasional, but very irritating, problem
was that line transients caused by the solenoid valves turning on and
off wsere causing erratic microprocessor operation. A check of the +5
volt supply line to the SCCS-85 board clearly indicated some significant
epikes when either of the valves controlled by the Dwyer photohelic
pressure switch/gauge cycled. These Sporlan brand valves operated on
115 VAC and consumed aboutr 32 watts each. To alleviate this noise prob-
lem, two Angar brand valves part #401-NC-12-B-30 were purchased to
replace the Sporlan valves., These new valves were installed and some
rerouting of tubing was also done. The Angar valves 6§é;ate on 12 VDC
and consume only 3.9 watts each. These solenoid valves, which are nor-
mally closed, operate by pinching closed a 1/8 1inch I1.D. tube which
paeses between a set of jaws. thn these valves are energized, the jaws
separate and flow occurs. 7o further reduce noilse generated by the
switching, a IN40U! diode was placed in parallel with each coil. These
tend to clamp, to some degree, the turn on and turn off spikes associ-
ated with an inductor. The reduced power requirements of the new valves
has all but eliminated the noise prorlems that were being experienced.
Further noise protection is now being provided by a line transient pro-

~tection device described in the next section. A small separate |2 volt
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power supply is being used on a temporary basis to power the two valves.
These valves were connected to the Dwyer control unit in much the same
way as the previous valves were. The inlet valve opens (energizes) only
when the pressure drops below the lower set point. The exhaust valve
opans (energlzes) only when the pressure in the ink bottle rises above
the upper set point, 1In this mannme:, with the sct points set relatively

close together, the Dwyer unit maintains a consistent ink bottle pres-

sure.

The second pressure conttol system problem which had to be
addressed was one which was severely degradin; the accuracy of the sys-
tem. The only regulation on the inlet side of the intake solenold was a
standard tank regulator having a range of 0-1(U psi. It was incapable of
regulating accurately below about 5 psi, particularly since its regula-
tion was flow dependent. The result of this inaccuracy was that when
the intake solenoid valve opened, a sudden ypressure pulse entered the
system causing the exhaust valve to open alwmost immediately to relieve
this pressure. This, obviousiy, was defeating the whole 1ides of the
regulating system. To correct this problem, a low pressure regulator
was purchased and instslled between the t-wk regulator and the iIntake
valve, The wunit chosen wat a Rockwell nrdel 043-18B0 which is set to
regulate at 3.5 inches ot water column. This unit”s accuracy 1s also
[low depeadent, 50 8 metering valve was added to the outlet side of the

regulator and adjusted to allow a very small continuous gas flow when

the system is belng used,

The two above changes made a noticeable improvement in the pressure

regulation {in the 41inlk bottle, This has, In turn, yielded more
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consistent printings since the pressure paramster can now be held very
constant, The complete ink supply and pressure control eystem is pic-
tured in Fig. 1. Several changes besides the ones described sbove are
worth noting. In the original system there was a 450 cm3 plastic con-
tainer which acted as a buffer to dampen the sudden pressure pulsc which
occurred when the intake valve opened. This was eliminated after to the
addition of the low pressure regulator, Secondly, the sense 1line for
the Dwyer controller now comes directly from the ink bottle, giving
better regulation accuracy. Note, also, the addition of a restrictive
tube 1in the inlet line., This is to dampen the pressure pulse slightly
when the intake valve opens because there 1is still Bsome difference
between the regulated inlet pressure and the maintained pressure in the
ink bottle of approximatley 0.1 inch of water column. The manual purge
valve 13 etill wused 1in wuch the same way it has always been. It is

opened to prime the head initially with ink and to flush the head with a

solvent when printing is completed.

In the past quarter, two micro switches were mounted on the posi-
tioning table 1in order to provide a means fo; positioning the table to
an initial start point prior to each print sequence. Through program-
ming and the use of JOG commands given to the indexer board, the table
is positioned to an exact point below the print head before each print-
ing sequence. This has proven to be a valuable addition to the system.
When this change was first implemented, snap-action switches having »
differential travel specification of 0.0010-0.0051 cm were used because
they were immediately available and relarively inexpensive. However,

because the table moves in incremente of 0.00254 cm per atep, it was
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seen‘tha: 8 switch having a differential travel specification delow this
value vas really what was needed to assure that the table was positioned
to the same exact initialization point each time. Snap-action switcles
meeting these requirements wvere ordered shortly after the first switches
were inatalled. During this quarter these type BZ-R-A2 switches from
Micro 5Switch were received and 1installed on the table. The newer
switches have a maximum differential travel apecification of 0,0005-
0.0008 cm. These higher oprecision units w'_l yield more accurate,

repeatable piantinge and will also allow precision multiple printings if

desired.

2.2 Electronic Modifications

It has been determined that system wemory will have to be aignifi-
cantly increased in order to meet future system goals. Currently, the
S5CCS-85 microcomputer board has only &4 kilobytes of RAM (random access
memory). Thie is adequate for existing software but will fall short of
meeting the requirements of the more complex programming which will be
developed 1in the monthes ahead., To meet this requirement, a 5.25 inch,
double sided, double density floppy disk unit was ordered and received

during this quarter. The Teac model FD55B drive unit was decided upon

~after investigating what was going to be involved in getting 1t inter-

faced 1into the system. The designer of the SCCS-85 wmicroccmputer board

was consulted about how a disk drive ﬁiéﬁt be interfaced with his board.

" Since he had irevioualy done this very thing, he agreed tdybrdvide

achematics%f;}eg disk controller/formatter. It was alsc learned that in
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order to use this disk interface board, a newer revision 3 version f
the SCC5-85 would have to be obtained. The board which was being used
was a3 SCCS-85 Rev.? verrion lacking sowe additional control lines neces -

sary for interfacing with the disk controller/formatter board.

A completely assembled SCCS-85 Revision 3 microcomputer board was
located 1locally and purchased. Although assembled, it had not becn
tested. A small wiring error was located and corrected, and the other
modifications necessary to adapt it to the ink jet system were per-
formed. Due to a slight difference between the two boards, a small pro-
gramming change had to be pade for the board tu operate the system
correctly, With these changes in place, the newer Revision 3 unit 1is
.now a8 part of the system, hence completing the prerequisite for imple-

menting the disk drive system.

All of the parts necessary to construct the disk
controller/forratter board w:re ordered and most of them have been
recelved. The actual construction has not yet started but this task and
the Jjob of testing and debugging the completed system will be completed
within the next quarter. This will elso invelve some program writing to
adapt a standard CP/M operating syvstem to this particular system. Oncé
this entire system has been put in place, the system will have a memory
capability of 360 kilobytes, which should be more than enough for any

future needs.

Cowmpleted this quarter was the selection and purchase of a power
supply meeting most of the system power needs. A complete evaluation of

these needs was done and maximum currents for each voltage used in the
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system were determined. This information wes then used to selsct s
model UP 167 linear regulated pover supply made by Microcomputer Power,
Inc. It will supply all the necessary system voltages except the +40
volts for the Siesens driver board and the is.lated +12 and +24 volt
supplies for the Superior Electric driver boarde. The new power supply
is a frame wounted unit with a cooling fan, and it wlll be 4incorporated
into the system along with other changes which are being made to improve
general system packaging and relisbility. Pert of the repackaging will
involve rebuilding the power supply wunit onto a standard width rack
panel which will mount on the back side of the equipment cabinet, This
will be done in such a way that the cooling fan will provide cooling for
both the power supply components and for the Superior Electric Driver
boards. This reconstruction may also involve the addition of multiple
quick disconnect connectors so that the necessary DC voltages can be

easily routed to the various subassemblies which are part of the eyetem.

As an added precaution against line noise problems, a line noise
suppreasion and transient protection device was purchased. It is a
model RS 610 surge suppressor made by Perma Power. It incorporates both
an L-C network for noise gsuppression and three metal oxide varistors for
both normal mode and common wmode transient protection. This unit ie now
being used between the 1I5VAC line and the main system power supply.

Eventually, it will be incorporated directly into the new power supply
asgembly. Since the addition of this unit and the changing of the

solenoid valves in the pressure control system, no significant noise
related probiems have @egn expetienced. Future chaﬁges may be required,

however, to further improve noise immunity.

~12-
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During the design modification studies of the irst quarter, it wvas
decided to replace the LED displays used for indicating table position
with LCD displays. This will further reduce the power requirements of
the system. As part of this change, the nes displays will be mounted on
the same circuit board as the new counter/display driver integrated cir-
cuits. This assembly will be mounted on the rack panel which will con-
tain all of the positioning table components. During this quarter, the
counter/LCD display driver integrated circuits (National Semiconductor
MM74C947) and the And brsnd FE0202D LCD displays were breadboarded and
tested. The maximum currrent draw for one counter/display driver was |
mA and 1t 1is more commonly in the 20-30 A range, 8o there was a notice-

able power reduction as compared to the LED displays.

Since the addition of the initialization switches to the table,
there was a need for a circuit which would reset the counters when the
table was positioned t. its initialization point. Although the <ircuit
has not yet been implemented, a design was successfully tested. The
same lines frou the switch “debounce’ circuits which activate the SCCS-
85 1interrupts will serve as the triggering signals for the reset cir-
culte. These signals, which are positive going when the table switches
are ctivated, will trigger 7415123 retriggerable monostsble multivibra-
tors. Using external tiwing components, the “one-shots” will be
adjusted to output a pulse having a pulse width of 10 us, The “not” Q
outputs of the IC"s will conneet to the “not” RESET {nputs of the
counters. With these circuite 1in place, when the table switches are
activated the counters will be regset to zero. Along with these reget

circuits, circuits will be provided to reset the counters when power 1s
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applied. This feature will be accomplished with simple transistor cir-

cuits and a few timing components.

During the design modification studies of the first quarter, it was
decided that soma substantial effort should be p.t into improving gen-
eral system packaging and layout. Careful layout and redesign could
significantly reduce interwiring, i{mprove noise immunity, incresse reli-
ability, and improve serviceability. Implementing all of the various
changes which were proposed is & very time consuming task. The decision
to mount all of the positioning teble components on one rack mountable
panel is g srep in this direction, as is the purchuse of a power supply
which will also be rack mounted. Although other changes may be neces-
sary as research continues, the proposed block diagram for cthe
redesipied system is shown in Pig, 2. The Head Drive and Control Assem-
bly will contain the original Siemens driver board (modified to elim-
inate the unneeded circuits) end the pulse driver board which will con-
tain the higher precision CMOS “one-shots”, In addition to these cir-
cults, the assembly will incorporate circuitry to allow the microproces-
sor to control which nozzles are on. There will still be a manual
switch assembly which plugs into this aseembly and makes it possible to

switch on individual nozzles wmanually.

A break-down of the components which will be contained in the Posi-
tioning Table Assembly 1is shown in Fig. 3. Central to this assembly

will be the Positioning Table Interface Board. It will conaist of the

LCD displays and the associated counter/drivers for each axig, the table
initialization switch “debounce” ci;cq;tg and counter reset circuits,
and the twelve invertere needed for the lines to and from the SCCS-85

-14~
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board, The Positioning Table Interface Board willi also serve as & con-
nection point for the Indexer/Driver Board Assembliee and the Position-
ing Table and Print Head Assembly. This will make it possible to have a
single cable from the Positioning Table Interface to the Positioning
Table and Print Head Assembly. This cable will contain the motor drive
eignals for both motore and also the five necessary lines used for the
table initialization switches. The +12 and +24 volt power supplies will
be a part of this assembly, and the +5 volt source also needed on this
assembly will come from the main power supply. By consolidating these
components into one assembly, the wiring between it and the rest of the
system is greatly simplified. Note that only a single 20 1line <cable

will connect this asseambly to the SCCS-85 board.

During this quarter, a photovoltaic cell test sat-up available for
this laboratory“s use wasa investigated. 1t is a relatively simple set-
up congisting of a probing station with 2 vacuum chuck connected. to a
Tektronix model 576 curve tracer. There is also a varlable light source
wounted above the sample area. It provides a general qualitative
analyeis of the current-voltage curves for photovoltaics, both darkened
and 1lluminated, but was not intended for critical analysis. Nonethe-
less, it will merve as a means of dolng basic cell evaluation during the
next months to determine the effects of changes in printing parameters,

ink chemistry, and firing procedures.

-17-
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2.3 Computer Aided Design and Programming

The model 4106 color graphics terminal recently anquired fros Tek-
tronix, Inc. has been & valuable addition to Turnar Lasboratory”s equip-
ment. It was chosen becsuss of its compatability to the imn housa
“CMASK” circuit design program. The 4106 is s microprocessor-controlled
terminal having a 13-inch color display screen with a 640 x 480 pixel
resolution. Both diaslog and graphics csn be dealt with simultaneously

on the screen in s variety of available colors. This unit also features

a 4096 x 4096 addressable terminal space coordinate systea and mul-

tilevel displays of complex information. It operates in a variéiy of
modes allowing it to be used as a stand- alone graphics systea and also
as an interactive unit, providing both screen editing and graphics capa-

bilitlee in conjunction with a host computer systen.

The “CHASK” deesign progras was specifically written for the Tek-
tronix wmodel 4113 terminals; however, wich the exception of a few minor
details, the model 4106 is compatible with the progras. This design
program was developed at Purdue University, and is almost continually
undergoing changes. Work will continue on learning “CMASK” design tech-
niques with the latest version of the program. More importantly, time

will be devoted to learning how to use “CMASK” end the 4106 to meet the

"}éqhired' ne;da'ofrfhe ink jet priniing aysiéi. Thi;”t;uk will continue

over the next months as it will probably involve a large amount of addi-

tional software development. It 1B not the sctual design of the circuit
on the terminal, but the movement of that design information from the

terminal to the SCCS-85 microcomputer board that 1s difficult.

General programming development for the ink jet printing system

also continued, As part of the preliminary printing studies which were

-18-



carried out this quarter, some experimentation was conducted using dif-
ferent head triggering frequenciee. Most of the printing studies in the
past used a head triggering frequency of 100 "2, but higher frequencies
were required to get thicker films This involved some minor program-
ming changes since the head triggering signal is now belng generated on

the SCCS-85 board”s Timer Group.

In an effort to achieve one of the future system goals of increas-
ing the princting speed, two differeat programming changes were tried.
The existing program is set up in such a way that printing occurs in the
positive X direction and in the positive Y direction on the substrate,
but not In the negative directions. A new program was written which
allows the head to print in both directions of both axes. Along with
this programming chang:. the pattern program also had to be changed
accordingly. This program will require some further refinements before
it will be implemented on a permanent basis, but the technique works and

will help to reduce orint time.

Secondly, some experimental programs were written to run the posi-
tioning table at higher stepping speeds. This involved \eking use of
the acceleration and deceleration features built into the Superior Elec-
tric indexer board”s logic. This is a more complex problem because 1t
involves not only the table movement, but the coordination of the move-
ments with the head triggering frequency. In the past, the table has
moved at one set baeé;speed, Bo there was alﬁays a definite ratio
between the stepping frequency and head triggering frequency. However,
with acceleration and deceleration programmed into table moves, the head

triggering frequency must be ramped up and ramped down accordingly for a

-19-



consistent line to be printing. Progremming work will ba continuing to

accomplish this task. This task will possibly also involve soma elec-

tronic hardware additions.

2.4 Printing Studies

Ink jet film printing studies wvere started this quarter. Various
inks were studied and several different head triggering frequencies,
table speeds, nozzle dismeters, and piezolectric driver pulse a-plithdol

were tried.

Three different ink sclvents were tried: xylene, toluene, and
tetrahydrafuran (THF). Siler neodecancste was dissolved in these three
solvents to form the inks (SI-1, S5I-2, SI-3 and SI-4). In the future
when the laboratory 1s equipped vith a proper exhauet sysces, benzene
may be tried. Due to its extremely toxic nature, it will not be used

until the proper safety precautions have been teken.

The silver neodecanoate used in these inks was prepared following

the reactions:
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An equimolecular mixture of 95% pure neodecanoic acid (9.46 gm =
0.055 mole) and 58% ammonium hydroxide (3.31 gm = 0.055 mole) were mixed
together at room tempersiure and the rtesulting soap was diluted 1ia
deionized water (5] ml), An aqueous solution of silver nitrate (10 gm =
0.0526 mole) (water = 50 ml) was then added slowly with stirring. The
white precipitate of sillver neodecanocate thus formed was repeatedly
washed with cold and warm (30-50°C) deionized water, The solid was
mixed with methanol (100 ml) and stirred for final drying and purifica-

tion and then suction filtered. Silver neodecancate was then 1isolated

in 70Z yield as a white dry solid.

The physical data for the solvents and inks are shown in Table 1
and Table 2, Density was dctermined using a specific gravity bottle,
surface tension was recorded using a CENCO-duNOUY tensiometer, viscosity
was measured using an Ostwald~kinematic viscometer., The boiling points
of xylene, toluene, benzene, and THF are quite different from each other
and thelr rates of vaporization at a given temperature are equally
varied, How these differing characteristics affect the printing of the

films was investigated.

Various head triggering frequencies were tried for each of the

three different solvents. For all the tests, the substrate was moving



Table 1. Physical Data of Solvents at 23%¢.

Solvent Source Boil%ng Point Density Viscoaity Surface
C) (gm/cc) (ep) Tension
dynea/cn
THF Fisher 67 0.296 - 0.461 28.0
Scientific
Benzene Maliinckrodt 80 0.87 0.652 28.8
Toluene Al4rich 111 0.86 0.59 28.5
Xylene Aldrich 138 0.86 0.65 28.2
Table 2. Physic:l Data of Silver Inks at 23°C.
Ink No. Solvent wt/o Ag Density Viscosity Surface
by TCA (gm/cc) (cp) Teusion
dynes/cm
SI-1 xvlene 20.8 1.143 5.37 30.0
§1-2 toluene 19.7 1.103 3.8 26.4
SI-3 THF 21.2 not determined
SI-4 TRF 16.8 1.070 1.44 25.7
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at e ccenstant velocity of 1.016 cm/sec. For each pulsz applied to a
head driver, one droplet of ink was ejected down onto the substrate.
Obviously then, a 200 Hz head triggering signal will deposit twice the
apount of ink in a specified length of table travel as does a head sig-
nal of 100 Hz., Thicker films tend to yfeld lower pheet 1resistance
values which is a parameter that should be minimized in order to minim-
ize series reslstance of the cells, However, as head frequency 1s
increased and greatetr amounts of ink are deposited onto the substrate,

lire definitior tends to be degraded.

The first ink studied was about a 50% solution of silver neode-
cancate 1n xylene (SI-1). The substrates used in these tests were
AlSiMag B38 because no S1 cells were avalle™’<, Since the substrate was
maintained at & temperature of about SSOC, the vaporization raie was low
for this ink. At the lower frequencies, the 1line definition for the
filmse was good, but at the line dafinition got progressively worse at
frequencies above 300 Hz. This was due to the fact that as more
material was put down, cpreading occurred because the solvent did not
evaporate quickly enough, Table 3 shows the qualitative line definition

ratings for the various frequencies used.
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Table 3. Line Definition Quality

Ink Solvent Frequeacy (Hz)

No. 100 200 300 400 500 600
SI-1 ”i§1§5£” whhn And " A m *
51-2 Toluene Ty ARAR T W *h A
SI-4 THF Ak whkh hhkd hAdd Yy Ane

hhkdt  axcellent
ek good

L fair

* poor

The second ink studied was sbout a 50X solution of silver neode-
canoate in toluene (5I-2). The bolling point of toluene is 27°C lower
than xylene, therefore the vapnsrizatiorn rate of this solvent is consid-
erably higher that the rate for xylene. Frequencies from 100-600 Hz
were tried, and the results in Table 3 ahow that the line definition at
the higher frequencies was better with toluene than it vas with xylene

solvent.

The last ink studied was about & 40X solution of seilver neode-
canoate in THF (S8I-4). Prior to this, about a 50X solution of silver
neodecanoate in THF (51-3) wae used. Due to the very low boiling point
of THF (67°C), the rate of vaporizaticn was very fast, and when the ink
was exposad to air a thin coating formed on the surface. The diluted

Ink (51-4) seemed to minimize thim problew and so was used for thie
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test. Frequencies from 100-600 Hz were again used. The line definition
was especially good at the higher head trigger frequencies, such as 400
and 500 Hz. The vet film surfaces were a .ittle rough, bul became
smooth after firing. The results for the various frequencies with this

ink are also listed in Table 3.

For the xylene ink solution (SI-1), the best 1line definition was
with head triggering frequency of 100 Hz. Multilayer films were printed
at this frequency, thus increasing film thickness without increasing
head frequerncy. Both the line definition and the film thickness were

very good.

Since the number of solar cells available was very limited, most of
the printing studies were done on alumina substrates. However, the sur-
face properties of the silicon solar cells were quite different from
those of alumina substrates. From an interfacial erergy point of view,
the solid-ink interfacial energy of the silicon solar cell was larger
than that of the alumina giving the sessile drop configurations depicted
in Fig. 4., Such phenomena of contracting the ink to the center line was

very desirable because 1s gave better line definition, narrower and

thicker lines on the solar cells,

Wetting Nonwetting
Nv
Nv
SLON v | (2
| sy
ALUMINA SILICON SOLAR
CELL

Figure 4 Interfacial Energies with Alumina and Silicon Substrates.
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Some printed solar cells were evaluated using the TENZOR profiloms-
ter, The thickoess distribution of the cross section of a lin is shown
in Fig. 5. The surface of solar cell was rough, sad the ink jet print-
ing wmethod gave s uniform thickness which replicated the surface rough-
ness., This is in contrast to screen printing, which teads to fill the
surface roughnese and prodice a smoother fila. The two cases are con-

trasted in Fig. 6.

T R I T 7]

[q' [ ]

i o ;

Ly L] R .

Ry ] ”'

S URFINE I Pgm . l | 1" )

VIR £ (i : ' ' A
R 3 USUkR 2 e A G S )

. [ . )
. ] Ll I ' I'I "I b 'ul‘ '
00 Cum ' I e '
4 l Vo
Hiea 178 1 : " I I N
ORI MEHD | Lo A ) h
1an) th . yoah v Y
I || . . 1 %)
UL T | e
i) .'=|' .
PO ' B
e 1 , 10 i ' iy
[INRL Ty '
" o | EVEL

Figure 5 Film Thi-kne<« Cross Section.

- Substrate Substrate

Screen printing

ink jet printing

Figure 6 Comparison of Screen Printing and Ink Jet-

Printing on a Rough Zurface.
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If the ink jet driver pulse was too large or if the ink jet head
waé too close to the subetrate, a double peak printed film was obaerved.

ihe phenowena was due to the effect depicted in Fig. 7.

lF

‘ L Ink drop
F double peak
l / line
A V-2 Ol
Substrate Substrate Substrate
Sy (2) (3)

Figure 7 Growth of Double Peak Line.

When ink drops are ejected from the ink Jet nozzle, they are acted on by
the force from the plezoelectric material contraction. As the ink drops
hit the substrate, this force splits the drops into two and pushes the
segments to each side. The force 1s dissipated at that moment, and the
two saplit drops try to flow back to the center. However, the solvent
evaporates before they can 1level and leaves double peaks. This
phenomena was undesirable because it gave less uniform 1lines. This
problem can be solved by adjusting the distance between the ink jet head

and the substrate and the pulse voltage.

The pulse voltage of the ink jet driver was varied with all other

parameters kept constant. It was determined that there existed a thres-

hold voltage, below which no ink could be ejected. Above the threshold
voltage, the ink jet drops became larger and the printed line was

thicker as the pulse voltage increased. At larger pulse voltages,
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‘double peak printed lines were observed as discussed in the previous

paragraph.

The original ink jet head was equipped s noxzle plate with twelve 3
mil diameter holes, vhich controlled the size of rhe ink jet drops. A
nev nozzle plate with different hole sizee was made by JPL and installed
on the ink jet head. The sizes of the orfices were 0.5, 1, 2, 3, 4, and
5 mil. Experimencs showed that the different hole sizes required dif-
ferent ink jet threshold voltages. With incressed diameter of the
holes, the printed lines became thicker. However, no ink was ejected
froo the 0.5 or ]| mil orificees for any pulse voltage. The experiasnts
vere done at 200 Hz ink jet head frequency, and further experiments will
be conducted at lower frequencies to investigate the small holes. It {s

poasible that ink can be ejected from the small holes st lower frequen-

cles.

During the printing experiments, it was found that the ink drop at
ink jet mnozzle grew larger during jogging movement, (moving the sub-
strate to a certain position without printing). The reason for this
problem was the combination of the low viscosity of the ink, and the
pressure inside the ink system, Thie collected larger ink drop wvas
deposited onto the initial spot of the next printing line, which made
for poor line definition at the initial spot. It was observed that a
shorter jogging movement improved the problem. Since the original
loftware‘ﬁréérAn was written in such & ruay that printing Q;s ohly
excuted in cne direction and jogging in another direction, the jogging

movement requit;J an excessive anountrof tiﬁe. In order to solve the

problem, the original software program was modified so that printing

~28-
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could be excecuted in either direction. This modified program made the
jogging movewent shorter, and the line definition of the initial spot of

each line was improved.

The movement of the substrate is controlled by the x-y tabie, and
the speed of the rtable can be varied through the software program, By
changing the speed of the table, different thickness of fi{lm can be
obtained. Under noruwal conditions, the base speed of the x-y table was
1 cm/e. 1f the base speed was changed to 0.5 cm/s the film thickness
wvae doubled, and changing the table speed to 2 cm/s gave a film thick-
ness half of the original. However, if the table speed was adjusted to
a4 very low or a very high speed, the stepper motor went into a resonant
and unstable condition. Some hardware changes are needed to return the

machine to a stable condition again.

3. PLANS

In the coming quarter, a major emphasis will be placed upon finish-
ing the electronic modifications already decided upon. One of these is
finishing the construction of the Positioning Table rack assembly. This
will include the new LCD displays to indicate table position and the
additional circuitry for resetting the counters 1n conjunction with
table initialization. This change will also reduce the amount of

interwiring between the microcomputer board and table drive electronics.

A second major electronic change which will be concentrated on 1is

the implementation of the disk drive eystem, The disk

controller/formatter board will have to be fabricated and appropriate
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software for the disk oparating syetem will bave to be implemsnted iamto
the systes. This will be 2 major task of this next quarter becauss it
inovolves significant chenges in both hardware and software. Along with
this change, the new power supply will be remounted on & standard rack

panel and incorporated into the systenm,

Thirdly, work will be continuing on constructing a nav pulss driver
board which will contain the higher precision “one-shot” circuits. It
will also ﬁontatn the oew circuitry for controlling the nossla selection
through programming. Significant prograsming development will be

involved before the aystem will be capable of using sultiple noszles.

Much of the preliminary work has been done toward making it possi-
ble to use a computer aided design systes vith the ink jet printing sys-
tem. The acquisition of the Tektronix 4106 terminsl has allowed the use
of Engineering Computer Network’s “CMASK™ progras which has the design
capabilities needed for the ink jet system. Hovever, the job of lnter-
preting screen information and putting it in a form (through program-
ming) that the SCCS-85 can coavert to appropriate wove commands is com-
plex. The methods and techniques of accowplishing thies will continue to

be invertigated and prograns developed sccordingly.

The prelisinary printing studies started during this quarter will
be coantiuvuing throughout this next quarter. Much moze work will be done
in investigiting how the various parsmeters involved 4in the printing

process affect the printed film. Some of these will involve the contin-
ued investigation into various ink solvents and the possible addition of

compounds to 1iaprove film adheston. Also, work will be moving forward
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in trying to increase fi{lm thickness and still maintain good line defin-

ition,

During this next quar<er work will be started to evaluate how the
various printing parameters afiect ihe cells” characteristics. The test
set—up now available to the Turner Laboratory will make it posaible to
compare cells, even though it will not allow actual quantitative evalua-
tion. As the ink jet printing system i{s refined further and the modifi-
cations Tut in place, it will be easier to vary single printing parame-

ters in order to optimize each and thus produce a more efficient solar

cell,

4. SCHEDULE

The 1l1at of tasks and updated program plan are attached.
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l,

2.

3.

4.
3.
6.
7.
8.
S.
10.

LIST OF TASKS

Ink Development and Processing Studies

Electronic Modifications and Prograsaing

a.
b.
Ce

d.

Design modification atudies
Electronic assembly
Operstional demonstration

Computer softwvare generation

Mechanical Modificationa

b.

Ce

Design modification studies
Mechanical asseably

Operational demonstration

Fila Thicknees and Line Width Studies

Printing Speed Studies

Fabricating and Characterizing Calle

Specifications

Data for Econoaic Evaluation

Personnel for Meestings

Documentation

b.

Co

d.

Monthly technical reports

Quarterly technical reports
Final technical report

Monthly financial reports
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